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a  b  s  t  r  a  c  t
Hydrolysis  of lignocellulosic  substrates  is  impeded  by the lignin  polymer,  acting as  a seal  around  the
cellulose  and hemicellulose  polymer.  To facilitate  hydrolysis  and  improve  biomethane  production,  pre-
treatment  of the  substrate  is required.  However  harsh  pretreatments  prior  to anaerobic  digestion  can
cause  a release  of  inhibitory  phenolic  compounds  such  as  vanillic  acid,  p-coumaric  acid,  ferulic  acid  and
hydroxybenzoic  acid.  In this  study  the  developed  anaerobic  digestion  model  takes  the  substrate  lignin
concentration  as  well  as  the  concentration  of such  phenolic  compounds  into  account.  The  biomethane
production  and  hydrolysis  rate  of  seven  different  substrates  was described  and  simulated.  A  good
agreement  between  simulations  and  measurements  was  obtained,  as the maximum  Theil’s  inequality
coefﬁcient  for  the  different  substrates  was  0.14. The  impact  of higher  concentrations  of  the phenolicignin
henolic compounds
compounds,  up  to 2000  mg/l, was  simulated  for two  of  the substrates  namely,  hemp  straw  and  miscant-
hus.  As  signiﬁcant  inhibition  only  occurred  for the  anaerobic  digestion  of  miscanthus,  a global  sensitivity
analysis  and  parameter  estimation  (assessing  all the  processes  in the  model)  was  done  for  this  substrate.
The global  sensitivity  analysis  showed  the  great  importance  of the  hydrolysis  rate  and  the  need  to  research
factors,  i.e.  inhibitors  and  substrate  types,  inﬂuencing  this  hydrolysis  step.
© 2018  Elsevier  B.V.  All  rights  reserved.. Introduction
Fossil fuel reserves keep diminishing, which is one of the rea-
ons why the need for different energy sources is increasing [1].
ioenergy obtained from biomass is as such a promising alternative.
gricultural waste is an abundant source of lignocellulosic material,
hich is not in competition for food, nor feed. This low cost mate-
ial can be used to produce biomethane via anaerobic digestion.
everal studies have shown a correlation between lignin concen-
ration of a substrate and its biomethane potential (BMP) [2–4].
urthermore the hydrolysis process step in the anaerobic digestion
s the rate limiting step, this is due to the recalcitrant lignin polymer
urrounding the cellulose and hemicellulose chains [5].There is a great variety of agricultural waste with different
oncentrations of lignin. Estimation and/or enhancement of the
ydrolysis rate is of great importance for assessing the overall
∗ Corresponding author at: Graaf Karel de Goedelaan 5, Campus Kortrijk, B-8500,
ortrijk, Belgium.
E-mail address: Stijn.VanHulle@UGent.be (S.W.H. Van Hulle).
ttps://doi.org/10.1016/j.bej.2018.03.017
369-703X/© 2018 Elsevier B.V. All rights reserved.digestion performance. To facilitate the hydrolysis, pretreatment of
the biomass can be performed as it will degrade the lignin, and thus
can improve the BMP  [6]. However during harsh pretreatments a
release of weak acids, furan derivatives and phenolic compounds
occurs [7]. For example, phenolic acids, such as p-coumaric acid
and ferulic acid, are common products in pretreatment of annual
plants [8]. These compounds (or a combination of them) are known
to inhibit the initial rate of biogas production and more impor-
tantly the hydrolysis rate, especially when lignin rich substrates
are used [9,10]. Harsher pretreatments like alkaline or thermal
pretreatments can increase the released concentration of pheno-
lic compounds, i.e. p-coumaric acid, ferulic acid, vanillic acid and
4hydroxybenzoic acid, to inhibitory levels. These concentrations
(>1000 mg/l) have to be taken into account when performing an
anaerobic digestion, and play an important role in estimating the
hydrolysis step [11].
Modelling is an efﬁcient tool to gain knowledge on the potential
of the used substrate and the prevailing concentrations of phenolic
compounds. The Anaerobic Digestion Model 1 (ADM1) is a com-
monly used anaerobic digestion model, however it focuses only on
sewage sludge [12]. The use of different types of substrates has since
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Table  1
Gujer Matrix of the anaerobic digestion model, with inhibition of lignin and phenolic compounds, used in this work.
Process VSS VDS VFA CH4 X1 X2 Process rate
Hydrolysis −1 1 k1 [VSS] KLKL+CL
SP∗CP +KI
CP +KI
VFA formation −1 1-Y1 Y1 k2 [VDS]k3+[VDS] [X1]




















































The substrates and BMP  values used to calibrate the model based on the different
lignin concentrations and initial VSS values.
Substrate BMP  (Nl*/kgVS) VSS (gCOD/l) CL (g/100 g) CP (mg/g)
Ensilaged maize 413.9 40.0 0.8 48
Corn stover 242.4 22.8 4.5 35
Wheat straw 247.1 22.8 6.0 47
Flax straw 233.1 21.6 8.6 17
Hemp straw 237.8 21.6 9.2 42
Miscanthus 144.5 13.2 12.0 46Decay  acidogenic bacteria
Decay  methanogenic Archaea 
hen resulted in modifying the model. A co-digestion of manure and
nergy crops was studied and modeled by Lübken et al. [13]. Galí
t al. [14] proposed a modiﬁed version for agrowaste application,
mphasizing the need to characterize the substrate. Appropriate
odiﬁcations allowed a simulation of the anaerobic digestion of
icroalgae [15]. Bułkowska et al. [16] included fractionation of
aize silage and cattle manure mixture in the ADM1.
The main disadvantage of the ADM1 model (and its modiﬁ-
ations) is that it requires the calibration of a large number of
arameters and the determination of several variables, which is
s a consequence difﬁcult for implementation in plant operation.
herefore in this study a simpliﬁed anaerobic digestion model is
roposed based on the model presented in Van Hulle et al. [17].
his model describes the degradation of solid waste to biogas via a
 step process. The model assumes the insoluble organic matter or
olatile suspended solids (VSS) is hydrolysed to volatile dissolved
olids (VDS) respectively through ﬁrst-order kinetics. Acidogenic
acteria transform the VDS to volatile fatty acids (VFA), which
ere transformed by methanogenic Archaea to methane accord-
ng to Monod kinetics. In this study, the model developed by Van
ulle et al. [17] is extended in order to take the lignin content of
ifferent types of agricultural waste, which can be used as sub-
trate, into account as well as the impact of phenolic compounds
typically and frequently produced during pre-treatment of the
ubstrate as indicated above). The ﬁrst order hydrolysis kinetics
ere adapted to account for the lignin content as well as for the
nhibition due to the phenolic compounds. The model is used to
ssess the biogas production of 7 substrates with different lignin
ontent. These 7 substrates were selected in order to cover a wide
ange of lignin content (ranging from 0.8 g/100 g to 17 g/100 g, see
able 2). The impact of phenolic compounds is simulated for 2 of
hese substrates. The most dominant phenolic compounds present
fter enzymatic pre-treatment as determined by Schroyen et al. [4]
ere selected. A global sensitivity analysis is performed to identify
he model parameters with the most inﬂuence on the predicted
iogas concentration. The identiﬁability of these parameters is also
ssessed.
. Materials and methods
.1. Experimental data collection
The experimental data used in this study was  obtained in
revious studies [4,10]. Seven different lignocellulosic substrates
ere characterized in Schroyen et al. [4] with a standardized
xperimental set-up that allows to assess BMP  in a uniform and
eproducible manner for different substrates [18] in accordance
ith the test protocol VDI 4630 [19]. Lignin concentration, release
f phenolic compounds and BMP  over 30 days were determined for
ntreated and enzymatically pretreated substrate. In this study, the
xperimental BMP  data from the untreated substrates was used.
naerobic digestion was  done in a lab-scale reactors with an over-
ll volume of 250 ml  operated in batch mode [20] at 37 ◦C with aWillow 88.6 8.0 17.0 74
* Nl stands for normal liter.
substrate to inoculum ratio of 0.5 (g VS/g VS). The reactors were
shaken daily to ensure proper mixing. Tests were run for at least
30 days. The substrates, corn stover, ensilaged maize, wheat straw,
ﬂax straw, hemp straw, miscanthus and willow, were mixed with
inoculum which was collected from a co-digestion plant treating
cow manure and maize silage. The inoculum was ﬁltered, washed,
allowed to further react and/or degas for 1 week and stored at
4 ◦C until 3 days before use, when it was placed at 37 ◦C to be
able to acclimatize to the reactor conditions before the substrates
are mixed. The biogas production was  measured daily via a water
displacement system and samples were taken 3 times during the
anaerobic digestion to determine the methane (±70%) and carbon
dioxide content by gas chromatography (GC). The BMP  analysis
was repeated 3 times, however averages of the daily biomethane
production were taken of at least 2 (in case of missing data) and
maximum 3 repetitions. BMP  tests with only inoculum (i.e. without
substrate) were also performed in triplicate to account for back-
ground biogas production from the inoculum itself (blanks). This
background biogas production was subtracted from the measured
biogas production. This data (including correction for biogas pro-
ductions from the blanks) are further used as experimental data for
modelling.
The inhibition of the anaerobic digestion was examined while
adding 0, 100, 500, 1000 and 2000 mg/l of the individual phe-
nolic compounds, vanillic acid (VA), p-coumaric acid (PCA),
4-hydroxybenzoic acid (HBA) and ferulic acid (FA) to the inoculum
with hemp straw or miscanthus [10]. The applied concentra-
tion range mimics the production of phenolic compounds during
(harsh) pre-treatment.
2.2. Reaction and reactor model
The simpliﬁed model following Monod kinetics proposed by
Van Hulle et al. [17] was  extended with an inhibition term for
phenolic compounds and a term for the lignin content (Table 1).
Thus the effect of lignin content and the concentration of pheno-
lic compounds on hydrolysis were taken into account. The VSS are
transformed to VDS according a ﬁrst-order kinetics (in terms of VSS)
as proposed by e.g. Van Hulle et al. [17] and Borja et al. [21]. This
hydrolysis is inﬂuenced by the lignin and total phenolic content (as
indicated by the (adapted) Monod kinetics). An increased content






tig. 1. Measured and simulated biomethane curves of the various substrates, corn s
nsilaged maize (G) (n = 3).f lignin (CL) will slow down the hydrolysis and stop the process
f the lignin content becomes too high [22]. The concentration of
he inhibitory phenolic compounds is dependent on the substrate
ype and phenolic compound, and will inhibit the hydrolysis until (A), wheat straw (B), ﬂax straw (C), hemp straw (D), miscanthus (E), willow (F) anda minimum is reached deﬁned by a setpoint (SP), which presents
a value between 0, possible total inhibition, and 1, no inhibition
by the phenolic compounds. In a next step, VDS was  converted to
VFA, which was  transformed further to methane by respectively
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Fig. 2. Experimental (n = 3) and simulated BMP  values of the different substrates (R2 = 0.9
(R2 = 0.897) (B), represented with the bisector shown.
Table 3








































k , k , k , k , b , b , C and K ) was used to obtain the regressionKI 150–3000 mg/g
KL 35 g/100 g
cidogenic bacteria and methanogenic Archaea following Monod
inetics [17]. The biomass concentration was not assumed con-
tant as acidogenic bacteria and methanogenic Archaea undergo
 slow decay process, modelled with ﬁrst order kinetics (Table 1)
23]. Similar to ADM1, this model used Chemical Oxygen Demand
COD) as a base unit [24].
To determine the initial value of the VSS, data from previous
esearch was taken [4]. The VSS value for ensilaged maize with a
mall amount of lignin and a BMP  of 414 Nl/kg VS was measured
o be 40 gCOD/l, as 30 gVSS/l was introduced to the reactor and
ultiplied with the factor 1.33 gCOD/gVSS. The VSS values of the
ther substrates were obtained from the BMP values in Table 2,
elatively to the VSS value of ensilaged maize.
Most parameter values presented in Table 3 were derived from
an Hulle et al. [17], while the afﬁnity constants KI and KL were
elected based on the performed experiments (Table 3). Lignin con-
entration (CL) was substrate dependent, taken from Schroyen et al.
4] and ranged from 0.8 to 17 g/100 gDM. Also the concentration of
henolic compounds (CP) varied in every experiment from 17 to
4 mg/g, as the increase in concentration of total phenolic com-
ounds was used from Schroyen et al. [4] (Table 2). It was assumed
hat the phenolic compounds present originated from the applied
harsh, enzymatic or other) pretreatment only and were not (or
ery limitedly) formed during anaerobic digestion. The parameter
P was chosen as 1 for hemp straw as no inhibition by the phenolic
ompounds was noted, while for miscanthus it ranged between 0.4
nd 0.8 as an increased inhibitory effect was seen with an increased
oncentration of phenolic compounds. The anaerobic digestions
f hemp straw and miscanthus with the addition of the various
henolic compounds were performed with sludge obtained later,
esulting in different BMP  values if no phenolic compounds were
dded. Hence different initial VSS values were used in the simula-
ions. The VSS value of hemp straw in the experiments with FA and88) (A), experimental (n = 3) and simulated hydrolysis rate of the various substrates
HBA was  12.33 g/l and 18.86 g/l with VA and PCA. The VSS value
of miscanthus in the experiments with FA and HBA was  8.2 g/l and
11.06 g/l with VA and PCA.
The model was simulated by using R, while the Flexible Mod-
eling Environment (FME) package allowed sensitivity analysis and
parameter estimations [25]. Sensitivity analysis allows to quantify
the parameters that have most inﬂuence on the simulation result
[26]. Parameter estimation aims at determining parameter values
by minimizing the squared differences between simulated results
and experimental data [27]. Details about how the above men-
tioned kinetics (Table 1) are implemented can be found elsewhere
[28,29], but basically a set of differential and algebraic equations is
constructed that allow calculation of the concentration of all com-
ponents (VSS, VDS, VFA, CH4, X1, X2) in a 250 ml  (assumed to be)
completely mixed batch reactor as a function of time.
The initial active biomass concentrations of the simulation were
X1 = 0.7 gCOD/l and X2 = 0.7 gCOD/l while initial concentrations of
VDS, VFA and CH4 were assumed to be 0. Biomethane production
was measured over 30 days giving a ﬁnal BMP value at the end of
the digestion. The slope, k7, of the ﬁrst 7 days was determined and
used as a measure of the rate hydrolysis [4]. These experimental
biomethane curves as well as the simulated curves are shown in
Fig. 1 and will be discussed further.
2.3. Model performance analysis
The goodness of ﬁt of the model was validated by determining


















yi, yi,m representing respectively the simulated and the measured
data points of the bio-methane concentration at each day. A good
ﬁt is indicated by a TIC value lower than 0.3 [30].
A global sensitivity analysis was  performed using the Monte
Carlo simulation (MCS) technique, assuming a uniform distribu-
tion of the parameters. Sampling was done through Latin hypercube
sampling and a total of 1500 simulations were run at a speciﬁc time
in the anaerobic digestion. To analyze the MCS  a linear regression
between biogas production and the different input parameters (k1,
2 3 4 5 1 2 L L
coefﬁcients. As parameter space minimum and maximum values
were respectively 50% and 150% of the used values (Table 3). The
effect of the parameters were evaluated by the t-statistic value
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Table  4
Measured and simulated hydrolysis rate (k7), and measured and simulated BMP  of the anaerobic digestion of hemp straw with the addition of the different phenolic
compounds at concentrations of 100, 500, 1000 and 2000 mg/l (VA = vanillic acid, FA = ferulic acid, PCA = p-coumaric acid and HBA = 4-hydroxybenzoic acid) (n = 15).
Phenolic Compound Measured k7 (Nl/kg VS/d) Simulated k7 (Nl/kg VS/d) Measured BMP (Nl/kg VS) Simulated BMP  (Nl/kg VS)
VA 16.5 ± 7.0 13.0 178.3 ± 68.9 185.2
FA  16.7 ± 5.9 8.5 143.8 ± 52.3 115.7
PCA  15.5 ± 7.6 13.0 176.0 ± 73.6 185.2
HBA  15.7 ± 4.9 8.5 119.6 ± 52.9 115.7
Fig. 3. Experimental (n = 15) and simulated BMP  values (A) and the experimental (n = 15) and simulated hydrolysis rate (B) of the anaerobic digestion of miscanthus with













eig. 4. Tornado plot of a Monte Carlo run (n = 1500), showing the sensitivity of th
ompounds (A) and with the addition of 500 mg/l vanillic acid orp-coumaric acid (B
alculated from the standard errors of the regression coefﬁcients.
he impact of a parameter is signiﬁcant when the t-statistic value
xceed 1.96 [31].
To check the identiﬁability of the parameters the simulation was
one over the complete duration of the anaerobic digestion (30 d).
he sum of squared errors was calculated for all simulations and
ere plotted for all parameters, indicating identiﬁability if a clear
inimum is found for a parameter [31].
. Results and discussion
.1. BMP  and hydrolysis rate predictions of various lignocellulosic
ubstrates
Seven different substrates were anaerobically digested and the
xperimental biomethane production was measured. With themethane production during anaerobic digestion without the addition of phenolic
model described in this work, the biomethane production was
also simulated. For these simulations the effect of the phenolic
compounds was not taken into account as the concentrations of
phenolic compounds were too low to have a signiﬁcant inhibitory
effect (Table 2). Overall the predictive power of the lignin driven
model shows a good ﬁt as TIC values vary from 0.03 to 0.14. A
difference between the experimental data and the simulated data
can be noted at 30 days, as the experimental curves still show a
small increase of biomethane production at the end of the anaerobic
digestion, while the model assumes that a maximum in biomethane
production is reached on 30 days (Fig. 1). Fig. 1C and G show the
measured and simulated biomethane production of respectively
ﬂax straw and ensilaged maize. These two substrates showed a
higher hydrolysis rate than was  used in the model. Ensilaged maize
underwent an acid pretreatment during the ensilation which could
explain the faster hydrolysis process. Flax straw showed the small-












wig. 5. Scatter plots for k1 (A), k2 (C) and b1 (E) to investigate the parameter identiﬁ
1 (B), k2 (D) and b1 (F) to detect the minimum of the sum of errors.
st amount of total phenolic compounds in the liquid as well as
he solid fraction in previous experiments [4], providing a possible
arger hydrolysis rate.
The resulting simulated and measured BMP  values, based on the
ethane content, after 30 days of anaerobic digestion show a high
greement (Fig. 2A). Fig. 2B represents the simulated and measured
ydrolysis rates, deﬁned by k7, the slope of the biomethane pro-
uction in the ﬁrst 7 days. To have an even better estimation of the
ydrolysis rate for each substrate the k1 value could be estimated
or every substrate individually, however a good ﬁt was  obtained
ith k1 = 0.2 d−1 and individual ﬁtting is therefore not necessary.y by calculating the sum of errors. The minimal of the scatter plots on the right for
3.2. Inﬂuence of inhibiting phenolic compounds
The lignin concentration of the various substrates plays an
important role in the total biogas production as well as in the ini-
tial hydrolysis rate during anaerobic digestion. Degrading the lignin
through harsh pretreatments could resolve this, however lignin
degradation will also lead to the release of phenolic compounds
in higher concentrations. These phenolic compounds have a neg-
ative impact on the hydrolysis of a substrate. In previous studies
inhibition by phenolic compounds was  seen in the anaerobic diges-
tion of miscanthus [10]. Hemp straw contains less lignin and thus
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nly high concentrations (2000 mg/l) of phenolic compounds led
o a slight inhibition in the hydrolysis rate. To implement the inhi-
ition the SP value was calibrated manually for each substrate and
ach phenolic component. No signiﬁcant inhibition by any of the
henolic compounds on the anaerobic digestion of hemp straw
as seen. As such SP was set to 1 for hemp straw. However the
ddition of 2000 mg/l FA and 4-HBA to miscanthus caused an aver-
ge inhibition of the hydrolysis rate of 22%. VA and p-CA inhibited
he hydrolysis rate up to 50% at a concentration of 2000 mg/l. The
ifference in inhibition resulted in two different SP-values for the
ndividual phenolic compounds: SP = 0.4 was used for VA and p-CA,
hile SP = 0.8 was used for FA and 4-HBA.
Table 4 shows the measured and simulated BMP  and hydroly-
is rates of hemp straw. As there was no signiﬁcant inhibition, the
imulated values are the same for every concentration (0, 100, 500,
000 and 2000 mg/l) of added phenolic compounds. The addition
f FA and 4HBA had even a non-signiﬁcant positive effect on the
xperimental hydrolysis rate. The model did give a good predic-
ion of total BMP  after 30 days of anaerobic digestion, and every
ndividual experiment had a TIC value smaller than 0.3.
Fig. 3 presents the measured and simulated values of BMP  and
ydrolysis rate of miscanthus. As the inhibition due to the pheno-
ic compounds is included in the model, the hydrolysis rate can be
redicted better. However the model underestimates the BMP, as
he model assumes that the anaerobic digestion is ﬁnished after 30
ays, while this is not always the case in practice. Nonetheless a
ood ﬁt has been achieved as the average TIC-value of all experi-
ents per phenolic component were smaller than 0.15 and overall
ere smaller than 0.3.
.3. Global sensitivity analysis of the miscanthus model
Inhibition was only included in the simulations of the anaerobic
igestion of miscanthus. The full model capability is therefore only
xploited when simulating the anaerobic digestion of miscanthus
nd therefore only data for this substrate is considered for further
odel analysis.
A global sensitivity analysis was done with the starting values
f miscanthus with 0 and 500 mg/l of VA or PCA added. A Monte
arlo run with 1500 simulations was performed for the different
xperiments. Fig. 4A shows the tornado plots summarizing the
ensitivities of all model parameters with respect to biomethane
roduction after 7 days of digestion without the addition of a phe-
olic compound. Fig. 4B shows the results for the experiment with
00 mg/l VA or PCA (SP = 0.4).
Substrate Measured BMP  Simulated BMP  
(Nl/kg  VS) (Nl/kg VS) 
Corn Stover 242.4 231 
Wheat Straw 247.1 230 
Flax  Straw 233.1 217 
Hemp  Straw 237.8 215 
Miscanthus 144.5 124 
Willow 88.6 69 
Ensilaged Maize 413.9 415 ering Journal 134 (2018) 80–87
In Fig. 4A and B it can be seen that k1 and k2 are the most sensitive
parameters, indicating the importance of the hydrolysis step dur-
ing anaerobic digestion. The maximum hydrolysis rate was noted
as the most sensitive parameter by Myint et al. [32], which is in
agreement with previous reports of hydrolysis being the rate lim-
iting step in the digestion [33]. From Fig. 4B it can be deduced that
the parameter SP, specifying the level of inhibition at larger con-
centrations of the phenolic compounds have a sensitive impact on
the biogas production. The positive values of the sensitivities for
k1, k2 and SP indicate that increasing the parameter will cause a
higher biogas production. On the other hand, the negative value
of the sensitivity for b1 signiﬁes that the decay of the acidogenic
bacteria has a decreasing effect on the biogas production.
Since there are many signiﬁcant (t > 1.96) parameters, the iden-
tiﬁability of the 3 most signiﬁcant parameters was  examined
(Fig. 5). In Fig. 5B and F minima for sum of squared errors can be
found for respectively k1 and b1, given the potential of identifying
the optimal value in the range of 0.1–0.2 for these two  parame-
ters. The values used in the simulations in this study are within
this range, showing a good performance of the proposed model.
4. Conclusions
In this study a model was  designed for substrates in a large
range of lignin content, showing that a good prediction of the BMP
can be achieved without extensive substrate characterization. Only
the lignin content needs to be determined. An implementation
of inhibiting phenolic compounds in the model enables the pre-
diction of the impact of a release of phenolic compounds during
harsh pretreatments. This gives the model the ability to determine
if a lignin degrading pretreatment outweighs the release of phe-
nolic compounds, when a maximal BMP  wants to be achieved.
For other compounds released during pretreatment (see e.g. [7])
a similar approach can be followed to assess the related inhibi-
tion.
A sensitivity analysis showed the importance of the hydrolysis
rate and the need to determine factors inﬂuencing the hydrolysis
rate. Two  important parameters, k1 and b1, were found to be identi-
ﬁable for further optimizing the model. Overall the proposed model
is a relative simple model with a good predictive power of the BMP
and hydrolysis rate if lignin content is known.
Appendix A.
The measured and simulated BMPs and hydrolysis rates (k7) of
the different substrates and the corresponding TIC values.
Measured k7 Simulated k7 TIC
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